ABSTRACT: Fetal intrauterine growth restriction (IUGR) is known to negatively affect offspring health postnatally. This study evaluated the impacts of early gestational undernutrition followed by realimentation on bovine fetal and placental growth. Thirty multiparous beef cows bred to a single sire and gestating female fetuses were fed to meet NRC recommendations (control; n = 15) or fed below NRC recommendations (68.1% of NE m and 86.7% of MP recommendations; nutrient restricted, NR; n = 15) from d 30 to 125 of gestation. On d 125 of gestation, 10 control and 10 NR cows were necropsied. The remaining 5 NR cows were realimented to achieve similar BW and BCS with the remaining 5 control cows by d 190 of gestation; both groups were necropsied at d 245 of gestation. Fetal weight at d 125 of gestation was 948 ± 14 g (n = 10) for control cows; however, fetal weights of NR cows fell into 2 distinct groups: NR non-IUGR cows had fetal weights similar to control cows (974 ± 20 g, n = 6), whereas fetal weights of NR IUGR cows were reduced (773 ± 23 g, n = 4; P < 0.01). Fetal brain weight as a percentage of fetal weight was increased (~11%; P < 0.01) in the NR IUGR fetuses compared with fetuses from the other 2 groups, which were similar. Fetal heart weight as a
percentage of fetal weight also tended to be increased (~10%; P = 0.08) in NR IUGR fetuses compared with control fetuses. Nutrient-restricted IUGR cows exhibited reduced (P < 0.01) cotyledonary weights compared with NR non-IUGR and control cows, which were similar (192 ± 27 vs. 309 ± 22 , and 337 ± 17 g, respectively). Total placentome surface area also tended to be reduced (P = 0.07) in NR IUGR cows compared with NR non-IUGR and control cows, which again were similar (685.0 ± 45.6 vs. 828.7 ± 37.2 and 790.7 ± 28.9 mm 2 , respectively). On d 245 of gestation, fetal weights and caruncle weight were similar for NR and control cows; cotyledonary weights, however, were reduced in NR vs. control cows (1,430 ± 133 vs. 2,137 ± 133 g, P < 0.01). Decreased fetal growth in NR IUGR cows on d 125 of gestation was associated with decreased cotyledonary weights and reduced placentomal surface areas. The return of NR cows to a BW and BCS similar to that of control cows through realimentation beginning on d 126 resulted in similar fetal weights of NR and control cows by d 245 of gestation. Thus, a bout of fetal IUGR may go undetected if cows undernourished during early gestation receive feed supplementation in the second half of gestation to assure normal birth weight.
INTRODUCTION
Variation in precipitation in arid and semi-arid environments causes variation in forage quality and quantity (Hart et al., 1983; DelCurto et al., 2000) . The
Western United States receives decreased precipitation during summer and fall (Tinker, 2006) . Most foragebased beef producers calve in the early spring (DelCurto et al., 2000) to take advantage of the increased forage quantity and quality. However, as summer progresses forage quality and quantity decrease (Vavra and Raleigh, 1976) , leading to periods of undernutrition in late summer and fall corresponding to the first half of gestation.
In response to maternal undernutrition, fetal intrauterine growth restriction (IUGR) can occur (McMillen et al., 2001; Vonnahme et al., 2003) . In response to IUGR, the fetus maintains growth of organs and tissues important to survival (i.e., the brain and heart) while reducing the growth of other less important organs and tissues (Hales and Barker, 1992) . Early gestation is a critical period for establishing normal fetal organ and tissue development, as well as placental function in domestic livestock species (Ford, 1995; Reynolds and Redmer, 1995; McGready et al., 2006) . Fetuses with IUGR have an increased risk of developing obesity, type II diabetes, hypertension, and cardiovascular diseases in postnatal life (Poore and Fowden, 2002; Gardner et al., 2004; Ford et al., 2007) . Lambs that have been IUGR during early to mid-gestation have fewer total kidney nephrons compared with non-IUGR offspring (Gopalakrishnan et al., 2005) , and this reduced nephron number is associated with increased blood pressure (Gilbert et al., 2005) . Further, lambs that were IUGR during early gestation exhibit altered growth rates and carcass quality when compared with non-IUGR offspring . We hypothesized that nutrient restriction from d 30 through d 125 of gestation in the cow would result in fetal IUGR, in association with asynchronous organ development.
MATERIALS AND METHODS
This study was conducted at the University of Wyoming, and all procedures were approved by the University of Wyoming Animal Care and Use Committee.
Unsuckled multiparous Angus × Gelbvieh cows (n = 116) with an initial BW of 571 ± 63 kg and initial BCS of 5.4 ± 0.7 (BCS scale 1 to 9; Wagner et al., 1988) were synchronized using a controlled intravaginal drug release device (Pfizer, Exton PA) for 7 d, and upon removal of the controlled intravaginal drug release device, 25 mg of PGF 2α (Lutalyse, Pharmacia and Upjohn Co., Kalamazoo, MI) was administered intramuscularly. Cows were then checked for estrus every 12 h and artificially inseminated using semen from a single sire ~12 h after the onset of estrus. Cows were blocked by BW at breeding and assigned to 1 of 2 diets adjusted for BW 0.75 . Cows in each treatment were divided into 1 of 9 blocks based on BW, and each block was placed into its own pen, resulting in 6 to 9 cows per pen. Control cows were fed native grass hay (12.1% CP, 70.7% IVDMD on a DM basis) fortified with vitamin and minerals according to NRC (1996) for a mature cow to gain 0.72 kg/d for the first 125 d of gestation. Nutrient-restricted (NR) cows were fed millet straw (9.9% CP, 54.5% IVD-MD) to provide 68.1% of the NE m and 86.7% of the MP requirement (NRC, 1996) from d 30 to 125 of gestation and 50% of the vitamins and minerals provided to the control cows. Cow BW was recorded every 14 d, and rations were adjusted for changes in cow BW throughout the experiment. On d 80 of gestation, cows were ultrasound scanned (Aloka 500 with a 5-MHz linear probe, Aloka, Wallingford, CT) to confirm pregnancy and determine fetal sex. A randomly chosen subsample of 30 cows (15 control and 15 NR) that were gestating female fetuses was selected for necropsy during gestation. After d 125 of gestation, control cows continued to be fed the same native grass hay to maintain a BCS of 5.8. The NR cows were realimented by feeding the millet straw and a supplement (79.6% cracked corn, 6.1% soybean meal, 5.3% sunflower meal, 4.2% cane molasses, 2.6% safflower seed meal, and 1.6% dried skim milk: 13.2% CP and 77.6% IVDMD) on a DM basis, and vitamins and minerals were fed at the same level as fed to control cows. The supplement and straw fed to NR cows after d 125 of gestation supplied 2.15 Mcal more NE m /d than the control diet so NR cows would achieve a BCS equal to control cows by d 220 of gestation.
For cows assigned to necropsy at d 125 of gestation (10 control and 10 NR cows, 1 from each pen except 1 pen which had 2 cows removed per treatment, age range 3 to 6 yr), blood was collected (~8 mL) from the tail vein by venipuncture into a chilled tube (heparin plus NaF; 2.5 mg/mL; Sigma, St. Louis, MO) every 2 wk (biweekly) beginning 2 wk after the start of nutritional treatments until the cows were necropsied. All blood samples were placed on ice and centrifuged at 2,500 × g at 4°C, and plasma was decanted and stored at −80°C. The remaining cows (5 control and 5 NR, 1 from a pen, age range 4 to 10 yr) were necropsied on d 245 of gestation. On the day of necropsy, all cows were stunned by captive bolt and exsanguinated; a sample of maternal blood was collected and processed, and plasma was stored at −80°C as described previously (Vonnahme et al., 2003) .
The gravid uterus was immediately removed and weighed, and the volume of both allantoic and amnionic fluid was recorded. A sample of fetal blood was collected by venipuncture from the umbilical vein and blood was collected and processed, and plasma stored exactly as described previously for maternal blood. Fetal weight, crown rump length, abdominal circumference, and thoracic circumference were recorded. Fetal brain, heart, liver, lungs, thymus, pancreas, kidneys, ovaries, spleen, and adrenals were collected and weights recorded. The heart was dissected into right and left ventricles, right and left atria and septum and each individually weighed, and the thickness of each ventricle and the septum were each measured in 3 locations and these measurements averaged for each heart tissue. The remaining abdominal organs were removed, and the eviscerated fetus was weighed to obtain a fetal empty carcass weight.
After obtaining the empty uterine weight, all placentomes from each cow were counted and the greatest and least diameters of each at the fetal-maternal interface were recorded and averaged to provide an average placentomal diameter. The average diameter was used to calculate a surface area for each placetome and from this, the sum of all placentomal surface areas within a uterus was calculated along with the average surface area per placentome. Placentomes were then removed from the uterus and separated into caruncular and cotyledonary components by gentle traction and pooled by tissue type, and total caruncular and total cotyledon-ary tissue weights were determined. The total cotyledon weight was divided by the total caruncular weight to provide a ratio of fetal and maternal contributions to the placentome.
Plasma concentrations of glucose were measured in the biweekly plasma samples obtained from cows and also the maternal and fetal plasma obtained at the day of necropsy using a colorimetric procedure (Affinity glucose regent, Thermal Electron Corp.; http://www. thermo.com) routinely run in our laboratory . For these samples, intraassay CV was 5.6% and interassay CV was 3.8%. Thyroxine (T4) was measured using an Immulite 1000 immunoassay analyzer (Siemens Medical Solutions, Malvern, PA) in one assay (Babson, 1991) with an intraassay CV of 6.2%.
Glomerulus Quantitation
The number of glomeruli in the left kidney of each fetus on d 245 was determined using a modification of the acid maceration/mechanical dissociation method of Damadian et al. (1965) and routinely conducted in our laboratory . Fetal kidneys were decapsulated; the renal pelvis was dissected from the kidneys, and the remainder of each kidney was then placed in 400 to 500 mL of 50% HCl for 1 to 6 h depending upon kidney weight. After the acid incubation period, the HCl was decanted, and the kidney was rinsed with 3 volumes of tap water, then stored in tap water overnight at 4°C. The kidneys were then placed in a 50-mL plastic tube with a small amount of water and gently dissociated using a glass stirring rod. The kidney suspension was then brought to a volume of 4,000 mL with tap water. Four 250-µL aliquots of kidney homogenate were pipetted into custom-made counting chambers, and glomeruli counted in duplicate using a light microscope. Independent counts were performed by 2 experienced individuals, and the values averaged to obtain the final number of glomeruli.
Statistical Analysis
Upon evaluation of the raw fetal data from the necropsies conducted on d 125 of gestation, it was clear that there were 2 distinct groups of fetuses within the NR group as apparent in Figure 1 . There was a group of 4 NR fetuses that were markedly smaller than the remaining 6 NR fetuses and control fetuses (Figure 1 A). Further, these small fetuses exhibited increased brain (Figure 1 C) and heart weight as a percentage of fetal weight, as well as a decreased abdominal circumference (Figure 1 B) when compared with the other 6 NR fetuses. This reduced fetal weight and asymmetric organ growth is indicative of IUGR as reported by others (McMillen et al., 2001; Platz and Newman, 2008) . Cows in the NR group on d 125 were thus analyzed as 2 distinct groups (NR IUGR, n = 4, mean age = 3.5 yr, range 3 to 4; NR non-IUGR, n = 6, mean age = 5.0 yr, range 4 to 6).
Because cows were subsampled from each pen, cow was used as the experimental unit. Furthermore, pen did not affect maternal BW change per treatment (P = 0.78). Biweekly plasma glucose concentrations during nutritional treatment were analyzed as repeated measures using the MIXED procedure (SAS Inst. Inc., Cary, NC). The model statement contained treatment, time, and their interaction. For the biweekly plasma glucose concentrations, assay plate was used as a random variable. Maternal BW and BCS at 30 d of gestation, BW and BCS change during nutritional treatment, and biweekly BW and BCS measurements during realimentation, fetal weight at necropsy, age of cow, full and empty uterine weight, fetal organ weights, pla- cental characteristics, and maternal and fetal plasma concentrations of glucose and T4 were analyzed within d 125 or 245 of gestation using the GLM procedure of SAS with treatment in the model statement. Absolute glomerulus number per kidney and glomeruli per gram of tissue in the left kidney on d 245 of gestation was analyzed using the GLM procedure. Means were separated using the LSMEANS option of SAS. Effects were considered significant at P ≤ 0.05 and tendencies at P ≤ 0.10.
RESULTS
Body weight and BCS of the 30 cows used in this study were similar at 30 d of gestation regardless of the nutritional groups (control and NR) to which they were assigned, averaging 586 ± 18 kg and 5.5 ± 0.3, respectively. At necropsy on d 125, control cows had gained 24 ± 4 kg BW (P < 0.001), whereas NR non-IUGR and NR IUGR cows had lost 43 ± 7 and 47 ± 9 kg of BW, respectively (P < 0.0001). Further, control cows had gained 0.2 ± 0.1 BCS units, whereas NR non-IUGR and NR IUGR cows had lost 0.3 ± 0.1 and 0.4 ± 0.1 BCS units, respectively (P < 0.01), at necropsy on d 125. The remaining 5 control cows gained 41 ± 7 kg and 0.1 ± 0.1 BCS units from d 125 to 245 of gestation. The 5 NR cows necropsied at d 245 of gestation lost 48 ± 8 kg and 0.3 BCS units from d 30 to 125 of gestation, but during realimentation the NR cows reached a similar BW to control cows by d 150 of gestation; however, it took until d 195 of gestation for BCS to become similar for control and NR cows. For the cows necropsied at 125 d of gestation, the NR IUGR cows were younger than the NR non-IUGR cows (3.5 ± 0.3 vs. 5.0 ± 0.6 yr of age, respectively; P < 0.05), with the control cows being intermediate in age (4.3 ± 0.5 yr).
Fetal size and weights, as well as fetal organ weights at d 125 of gestation, are shown in Table 1 . Fetal weight and fetal empty carcass weight were similar between control and NR non-IUGR groups. In contrast, fetal weight and empty carcass weight were markedly reduced (P < 0.01) in NR IUGR fetuses compared with fetuses from the other 2 groups. Additionally, abdominal circumference was reduced (P < 0.01) in the NR IUGR compared with the control and NR non-IUGR fetuses on d 125 of gestation. Brain and heart weight were increased (P < 0.01) in NR non-IUGR fetuses compared with control fetuses and were reduced (P < 0.01) in NR IUGR fetuses. Left atrium and right ventricle weights, as well as the average septum thickness, were increased (P < 0.05) in the NR IUGR fetuses compared with fetuses in the other 2 groups. Furthermore, livers of NR IUGR fetuses weighed less (P < 0.01) than those of the control and NR non-IUGR groups, and lung weights were reduced (P < 0.05) in fetuses from NR IUGR group compared with control fetuses. The weights of the fetal pancreas and kidneys were not influenced by maternal dietary intake. Fetal organ weight as a percentage of fetal weight is given in Table 2 . Fetal brain weight corrected for fetal weight was increased (P < 0.01) in the NR IUGR fetuses compared with fetuses from the other 2 groups. Fetal heart weight corrected for fetal weight also tended (P = 0.08) to be increased in NR IUGR fetuses compared with control fetuses. Right ventricle weight as a percentage of fetal weight was increased (P < 0.05) in NR IUGR fetuses compared with control fetuses, with NR non-IUGR fetuses being intermediate. Fetal liver, lung, pancreas, and total kidney weight as a percentage of fetal weight were not influenced by maternal dietary intake.
Fetal measurements and organ weights of female fetuses at d 245 of gestation are shown in Table 3 .07) to be decreased, whereas the average surface area per placentome tended (P = 0.09) to be increased in NR cows compared with control cows. This resulted in a total placentome surface area that was similar for NR and control cows at d 245 of gestation.
Biweekly plasma glucose concentrations (Figure 3 ) of cows exhibited a treatment and a day effect (P < 0.05). Diet restricted non-IUGR cows had decreased (P < 0.07) plasma glucose compared with the control and NR IUGR cows from wk 6 to 12. At wk 14, both dietary restricted groups (NR non-IUGR and NR IUGR) had decreased (P < 0.07) plasma glucose compared with control cows. Plasma glucose concentrations of NR IUGR fetuses were reduced (P < 0.05, Figure 4 ) compared with control and NR non-IUGR fetuses at d 125 of gestation. Fetal plasma concentrations of T4 at d 125 of gestation were not influenced by maternal nutrient intake and averaged 1.12 ± 0.35 µg/dL for all fetuses. However, maternal plasma T4 concentrations at d 125 of gestation tended (P = 0.08) to be reduced in NR non-IUGR and NR IUGR cows compared with control cows (2.48 ± 0.23 µg/dL, 2.65 ± 0.28 µg/dL, and 3.16 ± 0.18 µg/dL, respectively). Fetal and maternal plasma glucose at necropsy on d 245 of gestation was Means ± SEM within a measurement with different superscripts differ, P < 0.01.
c,d
Means ± SEM within a measurement with different superscripts differ, P < 0.05. unaffected by maternal nutrient intake during the first trimester (41.5 ± 5.3 and 59.2 ± 4.1 mg/dL, respectively). Fetal and maternal plasma T4 concentrations at 245 d of gestation were similar for control and NR groups (15.6 ± 1.4 and 4.5 ± 0.5 µg/dL vs.16.2 ± 1.4 and 4.3 ± 0.5 µg/dL, respectively).
DISCUSSION
Maternal undernutrition during pregnancy has been shown to reduce fetal growth in sheep (Everitt, 1964; Osgerby et al., 2002; Vonnahme et al., 2003) , pigs (Pond et al., 1969; Atinmo et al., 1974; Schoknecht et al., 1994) , and horses (Pugh, 1993) . This is the first study that the authors are aware of, however, demonstrating a significant decrease in bovine fetal growth at mid gestation in response to early gestational nutrient restriction. Interestingly, this fetal growth restriction occurred in some cows (NR IUGR group), but not in others (NR non-IUGR group). Furthermore, this reduction in fetal growth in the NR IUGR fetuses was associated with asymmetric organ development (i.e., enlarged brains and hearts), which is characteristic of IUGR across a variety of mammalian species (Schoknecht et al., 1994; McMillen et al., 2001; Vonnahme et al., 2003; Platz and Newman, 2008) . It is well accepted that IUGR fetuses have a significantly increased risk of developing obesity, type II diabetes, hypertension, and cardiovascular diseases in postnatal life (Poore and Fowden, 2002; Gardner et al., 2004; Gilbert et al., 2005) . Furthermore, we have previously reported that ewes subjected to a 50% nutrient restriction from d 28 to 78 of gestation exhibited IUGR at mid gestation (Vonnahme et al., 2003) . When ewes on this nutrient restriction protocol Means ± SEM within a measurement with different superscripts differ, P < 0.10. 1 NR = nutrient-restricted female fetuses from cows fed 68% of NRC NE m recommendations and 87% of MP recommendations from d 30 to 125 of gestation. After d 125, NR cows received in excess of NRC recommendations. Control = cows received 100% of NRC recommendations.
were realimented to requirements and allowed to lamb, they produced normal birth weight offspring . However, lambs from these NR realimented mothers went on to exhibit altered growth rates, glucose dysregulation, hypertension, and an increased carcass fat and decreased carcass skeletal muscle when compared with offspring from ewes fed a control diet throughout gestation (Gilbert et al., 2005; Ford et al., 2007) .
The reason for reduced fetal growth at d 125 in a subset (40%) of our NR cows (NR IUGR group) may be due to the less severe dietary restriction imposed on the cows on this study (68% of the NE m and 87% of the MP requirement) than in our previously published sheep studies (Vonnahme et al., 2003; Ford et al., 2007; Gilbert et al., 2007) , or the younger age of the cows in the NR IUGR group (3.5 ± 0.3 yr) than the NR non-IUGR group (5.0 ± 0.6 yr). This could indicate that younger cows are more susceptible to nutrient restriction than older cows. Support for this hypothesis is the fact that young beef cows continue to grow from 3 and 4 yr of age, before exhibiting a decreased growth rate from 4 to 7 yr of age (Morrow et al., 1978; Johnson et al., 1990; Arango et al., 2002) . Consistent with this concept, it has been noted that heifers respond to nutritional restriction during the last third of gestation with decreases in calf birth weight more consistently than older cows (Bellows and Short, 1978) . This could be linked to a lack of maternal energy reserves in young growing cows, or the increased need for nutrients to support maternal growth.
Maternal nutrient status has been shown to influence nutrient partitioning of gestating animals and development of the fetus (Wallace, 1948) . Maternal plasma glucose was less in the NR non-IUGR cows than in NR IUGR or control cows during the nutrient restriction feeding period. This could indicate that the older NR non-IUGR cows were transporting more glucose into the fetal compartment than the younger NR IUGR cows from d 30 to 125 of gestation. This could result in part from the markedly greater cotyledonary tissue growth in NR non-IUGR cows than the NR IUGR cows in the present study. These data are consistent with those of Wallace et al. (2002) who observed that decreased absolute placental glucose transport capacity and IUGR were linked to a reduced placentomal size in an overnourished adolescent ewe model. In contrast, in a subsequent study, Wallace et al. (2005) reported that unlike the pregnant overnourished adolescent ewes, overnourished adult nulliparous ewes failed to exhibit reductions in cotyledonary weight or lamb birth weight (Wallace et al., 2005) . It was speculated by these authors that these older animals had the ability to meet their own nutrient requirements, while at the same time partitioning adequate nutrients to support conceptus growth while the younger animals did not.
Impaired placental growth has been associated with IUGR in sheep and pigs (Mellor, 1983; Schoknecht et al., 1994; Wallace et al., 1996 Wallace et al., , 2002 . In ewes, placental weight was reduced at d 80 of gestation by maternal en- ergy restriction from d 28 to 80 of gestation (Dandrea et al., 2001) . In the present study we report decreased cotyledonary tissue weight at d 125, only in NR IUGR cows exhibiting fetal IUGR and at d 245 of gestation in NR vs. control cows. Everitt (1964) reported that nutrient restriction in the ewe reduced cotyledon weight to a greater extent than fetal weight. The decreased total placentome surface area for nutrient uptake in the NR IUGR fetuses at d 125 of gestation compared with the NR non-IUGR and control groups could account, in part, for the observed decrease in fetal growth of NR IUGR group. By d 245, however, fetal weights of NR realimented cows were similar to those of control cows, possibly as a result of increased placentomal size and the increased caruncular vascularity reported for the NR group (Zhu et al., 2007) . This may have functioned to preferentially increase maternal blood flow and nutrient delivery through the maternal:fetal interface of NR vs. control cows, thus allowing fetuses in the NR IUGR group to reach their growth potential.
The decreased allantoic fluid volume at d 125 of gestation in the NR IUGR fetuses could also be an indicator of impaired placenta growth and has not been reported for NR conceptuses in ruminants. Decreases in allantoic protein and AA have been reported in response to nutrient restriction in sheep and pigs (Schoknecht et al., 1994; Wu et al., 1998; Kwon et al., 2004) . This could change the osmotic pressure within the allantoic fluid resulting in water leaving the allantoic fluid and entering the maternal compartment. The similar allantoic fluid volume at d 245 of gestation further supports enhanced nutrient delivery during realimentation in the NR cows.
As we have previously reported in the ewe (Vonnahme et al., 2003; Ford et al., 2007) , this model of constant global nutrient restriction during early to mid gestation led to a significant and progressive reduction in cow BW throughout the restriction period and a reduction in plasma T4 concentrations. Control fed cows gained BW, whereas the NR cows lost BW from d 30 to 125 of gestation. Following restoration to normal rations (>100% NRC) from d 126 onward, the NR cows gained BW at a faster rate than the control cows to reach similar maternal BW and BCS to control cows by d 150 and 195, respectively. Early gestational nutrient restriction in the ewe followed by realimentation to a similar BW and BCS produced offspring with similar birth weights . Similarly, nutrient restriction during the first trimester of gestation in cattle, followed by normal management, produced calves with normal birth weights (Long et al., 2007) . This presents a problem for producers because they have no way of confirming IUGR during gestation based on calf size at birth.
Similar to the fetal weights observed during late gestation, individual organ weights and measurements were similar between NR and control cows on d 245 of gestation. This, however, does not eliminate the possibility that organ development and cellular composition was compromised in fetuses gestated by these NR-realimented cows. On both d 125 and 245, kidneys of fetuses from NR and control cows were of similar size and weight, and the ratio of kidney weight to fetal weight was similar across the 2 dietary groups. In contrast, however, absolute glomerular number and glomeruli per gram of tissue were markedly reduced in the left kidney of NR fetuses on d 245 when compared with age-matched controls. Uteroplacental insufficiency reduced nephron numbers by up to 30% in rats, rabbits, pigs, and sheep, and the decrease in nephron numbers was associated with a parallel drop in glomerular filtration rate (Merlet-Bénichou et al., 1994; Bassan et al., 2000; Bauer et al., 2002) . Further, maternal protein restriction throughout pregnancy in rats produces a significant reduction in nephron number in their offspring (Langley-Evans et al., 1999; Vehaskari et al., Table 5 . Uterus weights, placental fluid volumes, and placenta characteristics on d 125 and 245 of gestation from control or nutrient-restricted cows 2001; Woods et al., 2001 ) and a decrease in renal function (glomerular filtration rate/kidney weight, Nwagwu et al., 2000; Woods et al., 2001 ). Additionally, maternal nutrient restriction of ewes during the first half of gestation resulted in fetuses with reduced glomerulus number at 135 d of gestation in male fetuses , and offspring exhibited fewer total nephrons at 6 mo of age compared with offspring of ewes fed to requirements (Gopalakrishnan et al., 2005) . Further, the reduced nephron numbers exhibited by 9-mo-old male offspring from ewes nutrient restricted 50% during the first half of gestation were negatively correlated with increased blood pressure in these animals (Gilbert et al., 2005) . These data demonstrate that a prolonged nutrient deprivation during early gestation can result in fetal IUGR in the cow. However, after realimentation to NRC recommendations, fetal size and organ weights return to those of cows fed to requirements throughout gestation. Furthermore, these data are consistent with an accelerated fetal growth by IUGR fetuses in response to mid to late gestational nutrient supplementation, which eliminated differences in fetal weight by d 245 and would be expected to result in similar birth weight between control and NR cows. Changes in the structure, function, or both of fetal organs and tissues resulting from a bout of early maternal nutrient restriction and IUGR may have lasting effects on body composition, growth efficiency, and health status of offspring in postnatal life. Because most ruminants in the United States are exposed to periods of inadequate nutrition during gestation, especially during early gestation (DelCurto et al., 2000) , this could certainly affect the quality of offspring born.
